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We have investigated field emission patterns from a clean tungsten tip apex induced by femtosec-
ond laser pulses. Strongly asymmetric modulations of the field emission intensity distributions are
observed depending on the polarization of the light and the laser incidence direction relative to
the azimuthal orientation of tip apex. In effect, we have realized an ultrafast pulsed field-emission
source with site selectivity on the 10 nm scale. Simulations of local fields on the tip apex and of
electron emission patterns based on photo-excited nonequilibrium electron distributions explain our
observations quantitatively.
PACS numbers: 79.70.+q, 73.20.Mf, 78.47.J-, 78.67.Bf
Applying strong electric fields to a metal enables field
emission due to electron tunneling into the vacuum. Field
emission from metallic tips with nanometer sharpness is
particularly interesting due to the high brightness and
coherence of the electron beams [1, 2, 3, 4, 5, 6]. When
a focused laser pulse illuminates the tip, optical electric
fields are enhanced at the tip apex (local field enhance-
ment) due to the excitation of surface electromagnetic
(EM) waves like, e.g., surface plasmon polaritons. Only
recently, it was found that the enhanced fields induce
pulsed field emission in combination with a moderate DC
voltage applied to the tip [7, 8, 9, 10]. Depending on the
strength of the enhaced field, different field emission pro-
cesses become dominant [7]. For relatively weak fields,
single electron excitations by single- or multiphoton ab-
sorption are prevalent, and photo-excited electrons are
tunneling through the surface potential barrier (photo-
field emission). On the other hand, very strong fields
largely modify the tunneling barrier and prompt the field
emission directly (optical field emission).
So far, the different emission processes were disputed
in the literature, while the local field enhancement was
treated as a static effect of the laser field such as the light-
ening rod effect [7, 8, 11, 12]. However, dynamical effects
are predicted to occur when the tip size is larger than ap-
proximately a quarter wavelength [13]. Here we used a
tip whose apex was approximately a quarter wavelength,
and found that dynamical effects substantially influence
the symmetries of field emission intensity distributions.
At the same time, we have realized an ultrafast pulsed
field-emission source with emission site selectivity. Simu-
lations of local fields on the tip apex and of electron emis-
sion patterns based on the photo-field emission model
describe our observations quantitatively.
Fig. 1 schematically illustrates our experimental setup.
A tungsten tip oriented towards the (011) direction is
∗Electronic address: hirofumi@physik.uzh.ch
mounted inside a vacuum chamber (3·10−10 mbar). Laser
pulses are generated in a Ti:sapphire oscillator (wave
length: 800 nm, repetition rate: 76 MHz, pulse width:
55 fs) and introduced into the vacuum chamber. The
laser light was focused to 4 µm (1/e2 radius) onto the
tip apex. Linearly polarized laser light was used. The
polarization vector can be changed within the transver-
sal (x, z) plane by using a λ/2 plate. As shown in the
inset, where the laser propagates towards the reader’s eye
as denoted by the red mark, the polarization angle θP is
defined by the angle between the tip axis and the polar-
ization vector. The tip can be heated to clean the apex
and also negatively biased for field emission. A position-
sensitive detector in front of the tip measures the emis-
sion patterns. The spatial resolution of field emission
microscopy (FEM) is approximately 3 nm [1]. The tip
holder can move along three linear axes (x, y, z) and
has two rotational axes for azimuthal (ϕ, around the tip
FIG. 1: Schematic diagram of the experimental setup. A
tungsten tip is mounted inside a vacuum chamber. Laser
pulses are generated outside the vaccum chamber. An aspher-
ical lens is located just next to the tip to focus the laser onto
the tip apex. Emitted electrons are detected by a position-
sensitive detector in front of the tip. The polarization angle
θP is defined in the inset (detailed explanations are given in
the text).
2axis) and polar (θ, around the z axis) angles. θ is set
so that the tip axis is orthogonal to the laser propaga-
tion axis with a precision of ± 1 degree, and the laser
propagates parallel to the horizontal y axis within an er-
ror of ± 1 degree. In these experiments, the base line
of the rectangular detector is approximately 20◦ off from
the horizontal (y axis) incidence direction, which means
that the laser propagation axis is inclined by 20◦ from
the horizontal line in the observed laser-induced FEM
images (see dashed red arrow in Fig. 2a).
The field emission pattern from the clean tungsten tip
is shown in Fig. 2(a) where the most intense electron
emission is observed around the (310)-type facets, and
weaker emission from (111)-type facets. These regions
are highlighted by green areas on the schematic front
view of the tip apex in the inset of Fig. 2(a). The inten-
sity map roughly represents a work function map of the
tip apex: the lower the work function is, the more elec-
trons are emitted. The relatively high work functions of
(011)- and (001)-type facets [14] suppress the field emis-
sion from those regions.
The laser-induced FEM (LFEM) image in Fig. 2(b),
taken with the light polarization oriented parallel to the
tip axis (θP = 0), shows a striking difference in symme-
try compared to that of the FEM image in Fig. 2(a).
Emission sites are the same in both cases, but the emis-
sion pattern becomes strongly asymmetric with respect
to the shadow (right) and exposed (left) sides relative
to the laser incidence direction. The most intense emis-
sion is observed on the shadow side as illustrated in the
inset of Fig. 2(b). Actually, the laser pulses arrive at
an oblique angle as indicated by the dashed red arrow
in the inset of Fig. 2(a), which slightly affects the sym-
metry with respect to the central horizontal line in the
observed LFEM images (see below).
We found experimentally a strong dependence of the
electron emission patterns on the laser polarization di-
rection and azimuthal orientations. Fig. 3 shows the
LFEM patterns for different values of θP in 30
◦ steps,
and for four different azimuthal orientations ϕ of the tip.
FIG. 2: Electron emission patterns without laser (a), and
with laser irradiation (b). Vtip indicates the DC potential
applied to the tip and PL indicates the laser power measured
outside the vacuum chamber. The inset of (a) shows the front
view of the atomic structure of a tip apex based on a ball
model. The inset of (b) shows a schematic side view of the
laser-induced field emission geometry, in which green vectors
indicate intensities of electron emission and the white arrow
indicates the laser propagation direction. A dashed blue line
denotes a mirror symmetry line of the atomic structure in
each picture.
The corresponding FEM images are also shown in the
left most column. Throughout the whole image series,
emission sites do not change, but intensities are strongly
modulated resulting in highly asymmetric features.
When a laser pulse illuminates the metallic tip, sur-
face EM waves [15] are excited on the laser-exposed
side, which propagate around the tip apex along differ-
ent paths as illustrated by red arrows in Fig. 4(a). As a
result of interference between the excited waves, the elec-
tric fields show an asymmetric distribution over the tip
apex, depending also on the laser polarization. To simu-
late the propagation of these surface EM waves and the
resulting field distributions, we used the software pack-
age MaX-1 for solving Maxwell equations based on the
Multiple Multipole Program [17]. A droplet-like shape
was employed as a model tip as shown in Fig. 4(b), with
a radius of curvature of the tip apex of 100 nm, which
is a typical value for a clean tungsten tip. The dielectric
function ǫ of tungsten at 800 nm was used: a real part
ℜ(ǫ) = 5.2 and an imaginary part ℑ(ǫ) = 19.4 [18]. By
using different droplet sizes it was verified that the model
tip is long enough so as to mimick the infinite length of
the real tip.
Fig. 4(b) shows the calculated time-averaged field dis-
tribution over a cross section of the model tip, where the
polarization vector is parallel to the tip axis (θP = 0
◦).
The laser propagates from left to right, and was focused
at the tip apex. The field distribution is clearly asym-
metric with respect to the tip axis, with a maximum
on the shadow side of the tip. This is consistent with
our observations in Fig. 2(b) where the field emission
is enhanced on the shadow side. Fig. 4(c) shows, in
a front view, time-averaged field distribution maps from
the white dashed line region of the model tip in Fig. 4(b).
This area corresponds roughly to the observed area in our
experiments. The field distribution changes strongly de-
pending on the polarization angle.
From the calculated local fields, we futher simulated
the LFEM images by considering the photo-field emission
processes. The current density jcalc of field emission can
be described in the Fowler-Nordheim theory based on the
free-electron model as follows [1, 2, 19, 20],
jcalc =
em
2π2~3
∫
∞
−∞
∫ W=E
−Wa
D(W,Φ, F )f(E) dWdE. (1)
Here, e is the electron charge and m the electron mass,
Wa is the effective constant potential energy inside the
metal, W is the normal energy with respect to the sur-
face, and E is the total energy. Important factors are
D(W,Φ, F ) and f(E). D(W,Φ, F ) is the probability that
an electron with the normal energy W penetrates the sur-
face barrier. It depends exponetially on the triangular-
shaped potential barrier above W, which is determined
by the work function Φ and the applied electric field F .
f(E) is an electron distribution function which is the
Fermi-Dirac distribution for an equilibrium state.
In the photo-field emission model, the Fermi-Dirac dis-
tribution is strongly modified by the electron-hole pair
3FIG. 3: Comparison of measured and simulated laser-induced FEM (LFEM) images for different light polarization angles θP
and for different azimuthal orientations ϕ of the tip. The leftmost column gives the FEM images without laser irradiation
for four different azimuthal angles (Vtip = -2250 V ). For the same azimuthal angles, observed LFEM images are shown as a
function of polarization angle θP in 30
◦ steps (Vtip ≈ -1500 V and PL = 20 mW ). The simulated LFEM images from the
photo-field emission model, in which Vtip and PL were set as in the corresponding experiments, are shown on the right-hand
side of the observed LFEM images. The color scale and laser propagation direction are the same as in Fig. 2.
FIG. 4: Schematic illustration of the excitation and interfer-
ence of surface EM waves (a). The calculated time-averaged
field distribution around the model tip is shown in a linear
color scale in (b) for θP = 0
◦. Highest field values are repre-
sented in yellow. In (c) the time-averaged field distributions
are given in a front view of the model tip for different po-
larization directions θP . The laser propagation direction is
indicated by red arrow, it is the same as in the experiment.
excitations due to multiphoton absorption. Here the elec-
tron distribution becomes a nonequilibrium distribution,
characterized by a steplike profile with steps separated
in energy by the photon energy hν = 1.55 eV , thus ex-
tending far above the Fermi level EF [21, 22]. Each step
height in the occupation numbers depends on the num-
ber of photons N available per area during a pulse, given
by N = I
hνfrep
where I is the laser intensity and frep
is the repetition rate of laser pulses. In the vicinity of
the tip we have I ∝ F 2laser where Flaser is the enhanced
electric field on the tip apex as illustrated in Fig. 4(c)
[23]. For example, one-photon absorption creates a step
from EF to EF +hν by exciting elecrons from the region
EF − hν to EF . The step height is equal to αN where
α is a mean photoelectric cross section. Absorption of a
second photon creates a step from EF + hν to EF + 2hν
by exciting elecrons from EF to EF + hν, with a step
height equal to (αN)2. We included absorption of up to
four photons.
There are three adjustable parameters in our calcula-
tions of jcalc: Φ, F , and αN . They are all functions of
position on the tip apex. Φ and F maps on the tip apex
were obtained from the measured FEM images, which
were symmetrized to have the ideal two-fold symmetry,
representing the current density jexp as a function of po-
sition on the tip apex. Starting from a relative F distri-
bution obtained by MaX-1, we obtained the Φ map by
inserting F into Eq. (1) and postulating jexp− jcalc = 0.
The resulting Φ map then was compared to known val-
ues for several surface facets and adjusted by scaling the
absolute values of F up or down accordingly by multiply-
ing F distribution with a constant factor. Thus, a full
Φ map and absolute values for F were obtained. The
resulting Φ values are approximately 4.9 eV , 4.6 eV and
4.45 eV for (011), (001) and (310) surfaces, respectively,
which are in fair agreement with known values [14, 24].
A field strength F of 2.25 V/nm results at the tip apex
for the FEM image taken with Vtip = −2250 V , which
is a typical value for FEM. The LFEM experiments were
carried out with a reduced tip voltage Vtip ≈ −1500V ,
hence we used a corresponding value of 1.5 V/nm in the
LFEM simulations.
Substituting the obtained Φ and F distribution maps
into Eq. (1), and using a nonequilibrium electron dis-
tribution f(E), the absolute values of αN over the tip
apex was determined by fitting the measured total cur-
rent from the right-hand side (310) facet of the LFEM
image in Fig. 2(b). The resulting maximum value for
αN was 2.5 · 10−6. By substituting all the adjusted pa-
rameters into Eq. (1), we could simulate all the LFEM
images. The calculated current densities on the tip apex
were projected to the flat screen by following the static
field lines. The simulated images can now be directly
compared to the experimental images (Fig. 3): they are
4FIG. 5: Line profiles extracted from the observed FEM im-
ages (red line with dots), LFEM images (blue line with dots),
and from LFEM images simulated by the photo-field emis-
sion model (green line) and the optical field emission model
(black line) at [ϕ = 0◦, θP = 0
◦]. The whole scanned line cor-
responds to the unfolded rectangle indicated by the dashed
blue line in the FEM figures above, and the corresponding
sides are indicated by red arrows. Each line profile has been
normalized by the maximum value.
in excellent agreement in every detail. This comparison
clearly demonstrates that the observed strongly asym-
metric features originate from the modulation of the local
photo-fields.
Finally, we simulated the LFEM images also for the
optical field emission process and compared the result-
ing intensity distributions with those of the photo-field
emission model. In the optical field emission model,
the Fermi-Dirac distribution is not modified, but in-
stead the electric field F in Eq. (1) is expressed as
F = FDC + F
⊥
laser where FDC is the DC electric field
and F⊥laser is the local photo-field component normal to
the local tip surface. The absolute values for F⊥laser on the
tip apex were determined in the same way as described
above for the αN values. The resulting maximum normal
field component was 0.68 V/nm.
Fig. 5 shows line profiles extracted from the observed
FEM and LFEM images, and from the corresponding
simulations for both photo-field emission and optical field
emission models at [ϕ = 0◦, θP = 0
◦], which were all nor-
malized by their maximum value. The whole scanned line
corresponds to the unfolded rectangle indicated in the ex-
ample FEM image; it provides sections through all ma-
jor intensity features of these data. The measured LFEM
profile clearly shows the asymmetric feature as seen in the
regions B and D. The photo-field emission model (green
line) catches this asymmetry much more quantitatively
than the optical field emission model (black line), as can
be best seen in region D. Therefore, the local fields in our
experiment are still weak enough such that the photo-
field emission process is the dominant one.
In summary, we have demonstrated the realization of
an ultrafast pulsed field-emission source with convenient
control of nanometer sized emission sites by the laser
polarization and incident laser angle relative to the az-
imuthal orientations. The photo-field emission model
well reproduced our observations. Maybe the most in-
teresting applications will arise when two laser pulses
with different polarizations or paths are used. Electron
emission from two independent sources but originating
from the same quantum state could be studied [5, 6].
This should create new opportunities for addressing fun-
damental questions in quantum mechanics such as anti-
correlation of electron waves in vacuum [25], or for new
directions in electron holography [26].
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